ABSTRACT The rate of phytate P removal from feed (level of dephosphorylation, DL) and the extent to which the molecule of phytic acid is deprived of phosphate moieties (conversion degree, CD) were studied in vitro and in a feeding trial with broilers fed corn-soybean diets.
INTRODUCTION
Since the pioneering work of Nelson et al. (1968) numerous studies have been performed on phytase applications in poultry feeding. In those studies the efficacy of Aspergillus niger (ficuum) 3-phytase A (EC.3.1.3.8) has been investigated as it relates to phytate P removal from feed, increased digestibility of minerals and protein, and reduced content of P in animal manures (Sebastian et al., 1998; Wodzinski and Ullah, 1999) . In contrast to 3-phytase A, which hydrolyzes first D-3 phosphate residue on the myo-inositol ring of phytate, 6-phytase A (EC.3.1.3.26) removes first the L-6 residue. This enzyme, although found mainly in plant seeds, is commercially available as microbial (Peniophora lycii) 6-phytase A engineered in an Aspergillus oryzae host (Ward, 2000) . Phytase B, the enzyme with broad substrate specificity, more commonly known as a nonspecific acid phosphomonoesterase (EC.3.1.3.2) that removes phosphate groups from many different compounds and dephosphorylates myo-inositol 2004 Poultry Science Assocation, Inc. Received for publication December 15, 2003 . Accepted for publication February 9, 2004. 1 To whom correspondence should be addressed: kzyla@ar. krakow.pl.
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Ca. Myo-inositol fed at 0.1% significantly increased BWG, but it reduced P retention. Under conditions of a higher CD (excess of phytase B), 3-phytase A was more effective in enhancing performance than 6-phytase A, but it reduced Ca retention. Lower phytase B activities (0 to 3,200 ACPU/kg) with added 6-phytase A were more necessary for optimal growth of chickens than for enhanced P and Ca retention (4,800 to 6,400 ACPU/kg). The efficacy of both forms of phytase A and phytase B depended on the Ca level in feed. There is enough evidence to conclude that myo-inositol phosphates resulting from simultaneous action of 3-phytase A and phytase B affect bird physiology differently than intermediates accumulated by the action of 6-phytase A and phytase B.
phosphates lower than hexaphosphate, is also available, at least in experimental preparations.
The efficacy of 3-and 6-phytases A in poultry feeds is limited. Phytate occlusion with other tissue components, its limited solubility in different parts of the intestinal tract, and its short reaction time in the intestine of birds are major obstacles reducing efficacy of both forms of commercial phytase A in phytate removal from plant tissues. Different strategies have been suggested to overcome the intrinsic barriers of feed dephosphorylation by both forms of commercial phytase A (Denbow et al., 1998; Huff et al., 1998) , and their effectiveness has also been compared (Ż yła, 2001) . It is important to realize that the pH and time limitations of a bird's gastrointestinal tract as well as the catalytic properties of microbial both forms of phytase A do not permit phytate molecules to be totally converted into free myo-inositol and inorganic phosphate, as both forms of phytase A are not able to liberate the C-2 axial phosphate group from phytic acid molecule. The C-2 phosphate residue on the myo-inositol ring of phytate is hydrolyzed, however, by the action of phytase B.
The theory of enzymic breakdown of phytate compounds distinguishes between liberation of phytate molecules from complexes with other tissue components and enzymic cleavage of phosphate residues on the myo-inositol ring. The concept of complete dephosphorylation and total conversion of feed phytates relates to these 2 distinct phenomena (Ż yła, 2001 ). Complete dephosphorylation means that each phytate molecule of feed ingredients is extracted from plant tissues and undergoes at least limited enzymatic degradation, and consequently, the concentration of phytates measured in feed after digestion is close to zero. The extent of dephosphorylation may be expressed by dephosphorylation level (DL), defined as a percentage of total P that is removed from feeds. Phytases A and organic acids are the necessary tools to differentiate degree of feed dephosphorylation, but removal of the whole phytate contents from feeds is not possible. Total conversion, on the other hand, may be accomplished at different levels of feed dephosphorylation when phytate molecules, liberated previously from plant tissues, are hydrolyzed into myo-inositol and phosphate, and these 2 substances are the sole reaction end products. The extent of conversion may be expressed by conversion degree (CD), which we defined as a percentage of P freed from feeds that is dialyzable in an in vitro procedure simulating conditions of the intestinal tract. Better measure of the CD would be an increase in free myo-inositol concentration, provided that an appropriate method is available. The concentration of lower myo-inositol phosphates in the gastrointestinal tract may be altered by simultaneous catalytic action of 3-or 6-phytase A and phytase B. It seemed of interest therefore to study the nutritional role of lower myo-inositol phosphates and the role of free myo-inositol that may be produced in substantial quantities when 3-or 6-phytase A and phytase B are added to feeds. Furthermore, the 2 types of phytase A (3-and 6-phytase) with distinct substrate specificity produce different species of lower myo-inositol phosphates (Wyss et al., 1999; Oh et al., 2003) . The phytate molecule should be perceived, therefore, not only as a chelating agent whose antinutritional properties may be reduced by catalytic action of both forms of phytase A but also as a source of myoinositol and lower phosphates of myo-inositol supplied by the common action of phytases A and B. It remains an open question whether under time and pH limitation of the gastrointestinal tract phytate conversion may advance to such an extent that the organism is deprived of myo-inositol phosphate intermediates.
The objectives of the current studies were to measure the influence of tiered concentrations of 3-phytase A and phytase B on the DL and the CD using an in vitro digestion procedure as well as to distinguish effects of improved dephosphorylation from those related to 2 Finase P, AB Enzymes Finland Oy, Rajamäki, Finland.
3
Ronozyme P, Hoffman la Roche, Switzerland. enhanced phytate conversion on the performance, bone mineralization, and P and Ca retentions in growing broilers fed corn-soybean meal diets. Other objectives were to study the effects of different types of phytase A (3-and 6-phytase) and variable Ca levels on the in vitro release of P and Ca from feeds as well as on performance and P and Ca metabolisms of growing broilers.
MATERIALS AND METHODS

Enzymes
We used commercial preparations of microbial 3-phytase A (EC.3.1.3.8; Finase P), 2 which had a phytase activity of 5,250 units/g (declared by the producer). Finase P phytase is synthesized by Trichoderma reesei GMO carrying the phyt A gene. The preparation (Ronozyme P) of 6-phytase A 3 (EC.3.1.3.26) was donated by the manufacturer. The phytase, with declared activity of 2,583 units/ g, is produced by a genetically modified Aspergillus oryzae strain that hosts phyt A gene from the fungus Peniophora lycci (Basidiomycetes class). The preparation Finase AP of phytase B (acid phosphatase; EC.3.1.3.2) was obtained from the same supplier as in the previous study (Ż yła et al., 2000a) .
2 It had acid phosphatase declared activity of 184,000 units/g.
Enzyme Activity Measurements and Units
Activities of phytases A and acid phosphatase were determined using procedures described previously (Ż yła et al., 2000a) , and units of enzymic activity used in the current study were the same as in the previous work. Measured activities of the preparations were 4,132 phytase activity units (FTU)/g for Finase P, 3,221 FTU/kg for Ronozyme P, and 12,680 acid phosphatase activity units (ACPU)/g for Finase AP.
In Vitro Digestions and Measurements
Determinations of P in the dialyzates of feed samples (P dial ) subjected to a procedure of multiple digestions were performed using methods described previously (Ż yła et al., 2000a) . Briefly, in this model, pepsin and pancreatin digestion periods are preceded by preincubation at pH 5.80 to simulate digestion in broiler crops. Triplicate samples (1 ± 0.001 g) of a diet, ground through a 1-mm screen, were weighed into 5-mL plastic syringes without Luer-lock tips. The feed samples were hydrated with a double distilled water and HCl solution so that a pH value of 5.80 was obtained. When enzyme solution was applied, water was partly (or completely) substituted for by the investigated enzyme fractions. The contents of each tube were vortexed, and then the tubes were sealed with parafilm and incubated in a water bath at 40°C for 30 min. Next, 0.5 mL of 1.5 M HCl and 3,000 units of pepsin were added to each tube, mixed well, vortexed, sealed with parafilm, and reincubated for 45 min at the same temperature. At the end of this period, 0.455 mL of 1 M NaHCO 3 containing 5.6 mg/mL pancreatin was added dropwise into each tube with constant stirring. The slurry was transferred quantitatively to segments of dialysis tubing by means of the syringe piston. Segments were placed in 250-mL Erlenmeyer flasks containing 100 mL of 0.1 M NaCl in 0.05 M succinate buffer (pH 6.10) and incubated in a shaking water bath at 41.1°C (temperature of dialysate was 40°C). Samples of the dialysate were withdrawn after 240 min for determining inorganic phosphate. Additionally, samples of digested feed that remained in the dialysis tubing at the end of the multistep procedure were assayed for residual P (P res ). The contents of the dialysis tubing were dried and mineralized as described for total P (P tot ) determination. The concentrations of Ca in the dialysates of feed samples were assayed colorimetrically using chlorophosphonazo reagent and a procedure similar to that described by Ma (1999) . The concentration of Ca in samples of digested feed subjected to the wet mineralization procedure was determined colorimetrically by the calmagite method (Marczenko and Balcerzak, 1998) and validated by flame atomic absorption spectrophotometry assay. The DL was calculated using the following formula: DL = (P tot − P res )/P tot × 100 (%), whereas CD was calculated as follows: CD = P dial /(P tot − P res ) × 100 (%).
Experimental Design, Birds, Diet Composition, and Preparation
In the in vitro part of the study, the influence of tiered concentrations of 3-phytase A and phytase B on DL and CD was determined in a multilevel factorial completely randomized design (2 factors, 5 levels). The activity of phytase A varied from 0 to 1,000 FTU/kg of feed in increments of 250 FTU/kg, whereas the activity of phytase B was changed from 0 to 6,400 ACPU/kg of feed in increments of 1,600 ACPU/kg.
In the feeding experiment, only one level (750 FTU/ kg) of 3-or 6-phytase A was used, whereas the activity of phytase B in dietary treatments was 0, 1,600, 3,200, 4,800, or 6,400 ACPU/kg of feed (Table 1) . One-day-old Ross broiler chickens (n = 800) were purchased from a commercial hatchery 4 and allotted randomly to stainless steel battery brooders with wire-mesh floors. The temperature was maintained at 32 ± 1°C during the first week. Broilers were fed the following 20 diets. A low-P, lowCa basal diet (negative control 1, NC1, diet 1) was formulated to contain 0.12% nonphytate P (NPP) and 0.65% Ca (Table 2) . Diet 2 was the NC1 diet supplemented with phytase B at 6,400 ACPU/kg of diet. Diets 3 and 4 were the NC1 diets with 3-and 6-phytase A, respectively, fed at 750 FTU/kg of feed. Diet 5 was the NC1 diet supplemented with 3-phytase A and phytase B, and diets 6 to 9 contained 6-phytase A and tiered levels of phytase B (1, 600, 3, 200, 4 ,800, and 6,400 ACPU/kg in diets 6, 7, 8, and 9, respectively). Diet 10 (NC2) had the same composition as diet 1, but the Ca content was raised to 0.8%. Diet 11 was the NC2 diet supplemented with phytase B as in diet 2, and diets 12, 13, 14, and 15 were the NC2 diets supplemented as diets 3, 4, 5, and 9, respectively. Other control diets included 0.27% NPP and 0.65% Ca (diet 16), 0.47% NPP and 0.80% Ca (diet 18), and 0.47% NPP and 0.98% Ca (diet 20, NRC). Diets 17 and 19 had the same composition as the diets 16 and 18, respectively, but were supplemented with 0.1% of myo-inositol. 5 In the control diets, levels of NPP and Ca were adjusted by changing amounts of dicalcium phosphate and limestone added to the feed. Diets 3 to 9 and 12 to 15 were also supplemented with 3% of citric acid. A detailed description of dietary treatments is given in Table 1 . Powdered enzymes were premixed with a small quantity of feed and added to the remaining part of a diet during final mixing. All the diets were formulated to be isonitrogenous and isocaloric. The protein and energy contribution from enzyme addition was considered insignificant. In the course of the experiment all diets were stored in a cooler at 4°C.
An experimental design used in the feeding experiment was chosen so that multiple comparisons among treatments that differed in DL and in CD were possible. Comparison of treatments 1, 3, 4, 10, 12, and 13 allowed to assess effects of different DL produced by 2 types of phytase A and citric acid in feeds that contained different Ca levels at a low CD. In treatments 2, 5, 9, 11, 14, and 15, the excess of phytase B provided conditions for a higher CD as a background to learn the effects described above. In treatments 4, 6, 7, 8, and 9 the CD was increased gradually by tiered activities of phytase B from 0 to 6,400 ACPU/kg in feeds that were supplemented with a constant activity (750 FTU/kg) of 6-phytase A and citric acid. Supplementation of diets 1 and 10 with phytase B (6,400 ACPU/kg; diets 2 and 11) revealed effects of a substantial increase in CD at 2 Ca levels with low dephosphorylation. Finally, comparison of treatments 16, 17, 18, and 19 allowed estimation of impacts of pure myo-inositol supplemented at 0.1%, the concentration that reflected total conversion of phytate, in diets with higher NPP levels that differed in Ca/P ratios.
Sample Collection and Assays
At the end of wk 3 of the experiment, chicks were weighed individually, and feed consumption was determined for each pen. During the second and third weeks (d 11 to 16) total collection of excreta from each pen was One unit of phytase activity (FTU) is the amount of enzyme required to liberate 1 µM of inorganic phosphorus from 2 mM sodium phytate in 1 min at 40°C, pH 4.5. One unit of acid phosphatase activity (ACPU) is equal to 1 µM/min of p-nitrophenol liberated from 5.5 mM disodium p-nitrophenylphosphate at 40°C and pH 4.5.
carried out. Excreta were stored in plastic bags at −20°C. After being thawed, the excreta were dried in an oven at 50°C to constant weight, weighed, and ground to pass a 1-mm sieve. On d 21, the chicks were killed by cervical dislocation. Toe samples were obtained by carefully and uniformly severing the middle toe from each foot between the second and third tarsal bones. The samples were dried at 100°C for 24 h, weighed, and dry-ashed at 600°C overnight for determination of toe ash. Selected organs (liver, spleen, and bursa of Fabricius) were excised and weighed. Duplicate samples of feed were digested by a wet-ash procedure. Phosphorus concentration was determined colorimetrically by the molybdo-vanadate method (AOAC, 1995) . Calcium concentration in feed and manure samples was analyzed by flame atomic absorption spectrophotometry.
Statistical Analysis
The influence of tiered concentrations of phytase A and phytase B on DL and on CD was determined in a multilevel factorial completely randomized design (2 factors, 5 levels) using the Experimental Design Module of Statgraphics Plus for Windows (1996) . The layout was balanced, and 2 replicate observations were performed at each of the treatment combinations. Results were subjected to regression analysis that followed the model given by Wu and Hamada (2000) , and nonsignificant components were removed from the regression models. The regression equations were evaluated by computing determination coefficients (R 2 ) and probabilities of the lack of fit. Data from broiler experiment were analyzed by the GLM procedure of Statgraphics Plus for Windows (1996) . ANOVA was performed following models of one-way ANOVA: X ij = µ + α i + e ij , where µ = overall mean, α i = ith treatment effect, and e ij = error contribution with average 0 and variance σ 2 and two-way ANOVA: X ij = µ + α i + β j + (αβ) ij + e ij , where µ = overall mean, α i = first factor effect, β j = second factor effect, (αβ) ij = interaction between factors, e ij = error contribution with average 0 and variance σ 2 ; and i = 1…a, j = 1…b (Wu and Hamada, 2000) . Mean differences were determined using Fisher's least significant difference test. Statistical significance was accepted at P < 0.05. Organ weights were adjusted for final body weight by covariance analysis. 
RESULTS
Preliminary Estimation
Effects of Phytases. A multilevel factorial completely randomized design (2 factors, 5 levels) was used to assess the influence of tiered activities of 3-phytase A and phytase B on the P release from feeds on DL and phytate CD. All the parameters studied were influenced mainly by the activity of phytase A whose effects had significant linear and quadratic components (Table 3) . Phytase B significantly enhanced all the studied parameters with the most pronounced effect on CD and only minor effect on DL. More detailed analysis of the experimental data revealed that phytase B affected DL only in absence or in the presence of a low dosage (250 FTU/kg) of phytase A ( Figure 1A ). To the contrary, irrespective of phytase A activity in the feed, phytase B significantly increased phytate CD ( Figure 1B ). Whereas CD produced by phytase A added as a sole supplemental enzyme did not exceeded 60%, simultaneous application of phytase A and phytase B raised the parameter to 75%. The highest values of CD were achieved by feed supplementation either with phytase A minimally at 500 FTU/kg and a low activity of phytase B (1,600 ACPU/kg) or with a low activity of phytase A (250 FTU/kg) and a high activity of phytase B. When the activity of phytase A was kept at 250 FTU/ kg, tiered activities of phytase B caused a linear increase in CD. At higher activities of phytase A, on the other hand, the lowest dosage of phytase B was sufficient to bring CD to highest levels.
In an experiment that was carried out using the in vitro multidigestion procedure, P and Ca release from cornsoybean meal feed by 3-phytase A and 6-phytase A added at 750 FTU/kg alone, as well as in combination with phytase B (6,400 ACPU/kg), were studied. Supplemental enzymes and the level of Ca in feed affected amounts of both nutrients released during in vitro digestions (Table  4) . Phytase B applied in combination with phytases A enhanced both P and Ca release irrespective of the type of phytase A used. The 3-phytase A appeared to be more effective than 6-phytase A in feed dephosphorylation and in Ca release under conditions that simulated digestion in the intestinal tract of broilers. The higher level of Ca in feed lowered amounts of P released from the control diet and suppressed feed dephosphorylation by all kinds of phytases, but amounts of Ca released from feed samples were positively related to its content in feed.
Broiler Feeding Experiment
Significant main effects of dietary additions and Ca level and a significant Ca level by dietary additions interactions were observed for feed intakes and 21-d BWG of chicken from treatments 1, 3, 4, 10, 12, and 13 (Table  5) . Increasing DL by addition of 3-or 6-phytase A also influenced feed conversion ratio (FCR), percentage of ash in the toes, and retention of P but had no effect on the retention of Ca. The 2 forms of phytase A exerted similar effects on all the parameters studied.
Phytase B fed as a sole supplemental enzyme at 6,400 ACPU/kg produced conditions of increased CD at low DL in feeds containing 0.6 or 0.8% Ca. There were significant effects of phytase B and Ca levels on feed intake, BWG, and P retention as well as a significant phytase B × Ca level interaction for BWG of chickens, but no effects were observed in relation to Ca retention in broilers. The percentage of ash in the toes was significantly increased by phytase B but was not affected by different Ca levels (Table 6 ). Feed supplementation with phytase B resulted in substantial increases in feed intake, BWG, toe ash, and P retention. Similar to both forms of phytase A, the higher Ca level in feeds decreased phytase B efficacy and, with the exception of FCR, bone mineralization and Ca retention, suppressed all the parameters studied. The pure myo-inositol added at 0.1%, the concentration that reflected total phytate conversion, to feeds that differed in Ca/P ratio significantly increased BWG (537 vs. 579 g) but reduced P retention (56 vs. 50%, Table 7 ). One-way ANOVA on treatments 16 to 19 revealed that this unusual phenomenon was more pronounced in feeds containing 0.27% NPP and 0.65% Ca.
Under conditions of a higher CD, however, when the excess of phytase B was added to feeds with 3-or 6-phytase A, there was a significant effect of the type of phytase A on the performance of broilers (Table 8) . 3-FIGURE 1. Panel A: The influence of tiered concentrations of 3-phytase A and phytase B (multilevel factorial design: 2 factors, 5 levels; error df = 67; 2 blocks; 75 runs) on dephosphorylation level. Phytase B activities studied were control, 0; ᭝, 1,600; ᮀ, 3,200; ▲, 4,800; and , 6,400 acid phosphatase activity units (ACPU)/kg. Dephosphorylation level was calculated as (P tot − P res )/P tot × 100(%), where P tot = total P; P res = residual P. P res contents were determined by the wet-ash mineralization of feed sample before and after multidigestion in vitro procedure, respectively. One unit of phytase activity (FTU) was defined as the amount of enzyme required to liberate 1 µM of inorganic P from 2 mM sodium phytate in 1 min at 40°C and pH 4.5. One ACPU is equal to 1 µM/min of p-nitrophenol liberated from 5.5 mM disodium p-nitrophenylphosphate at 40°C and pH 4.5.
Panel B: The influence of tiered concentrations of 3-phytase A and phytase B (multilevel factorial design: 2 factors, 5 levels; error df = 67; 2 blocks; 75 runs) on conversion degree. Phytase B activities studied were control, 0; ᭝, 1,600; ᮀ, 3,200; ▲, 4,800; and , 6,400 ACPU/kg. Conversion degree was calculated as: P dial /(P tot − P res ) × 100(%), where P dial = dialyzable P. P dial was determined by the in vitro multidigestion procedure. whereas P tot and P res contents were determined by the wetash mineralization of feed sample before and after multidigestion in vitro procedure, respectively.
Phytase A was more effective than 6-phytase A in enhancing feed intake, BWG, and FCR. In contrast, the retention of Ca was higher in chickens consuming 6-phytase A than in birds fed 3-phytase A. Both forms of phytase A exerted similar effects on bone mineralization and P retention in broilers. Under these conditions, different levels of Ca affected BWG, FCR, and P retention. In treatments 4, 6, 7, 8, and 9, a high DL was produced by the addition of 6-phytase A (750 FTU/kg) and citric acid to feeds containing 0.12% NPP and 0.60% Ca. Conversion degree was increased gradually by the addition of tiered activities of phytase B (0 to 6,400 ACPU/kg). Tiered levels of phytase B influenced feed intake, BWG, and P and Ca retentions in broilers but did not affect FCR and bone mineralization (Table 9 ). Up to 3,200 ACPU/kg, phytase B did not influence performance but enhanced Ca retention. Higher levels of phytase B (4,800 to 6,400 ACPU/kg) decreased feed intake and BWG but improved P and Ca retentions.
More detailed analysis of the influence of the highest CD (phytase B at 6,400 ACPU/kg) and the high DL (750 FTU/kg of either 3-or 6-phytase A) on the performance, bone mineralization, and P and Ca metabolisms is listed in Table 10 (one-way ANOVA on treatments 3, 4, 5, 9, 12, 13, 14, and 15). At 0.65% Ca, feed intakes and BWG of chickens fed 3-phytase A were greatly enhanced by phytase B, whereas in broilers fed 6-phytase A, phytase B exerted detrimental effects on the performance but improved P and Ca retentions. The deterimental effect on performance produced by 6-phytase A at the highest CD and low Ca level was overcome by increasing Ca to 0.8%.
Weights of spleen were not influenced by dietary additions (data not shown), but weights of liver and bursa of Fabricius significantly differed in certain treatments comparisons (Table 11) . Generally, there was a significant effect of phytases A on weights of livers and bursas. Both types of phytase A decreased liver and bursal weights, but 6-phytase reduced bursal weights more effectively than 3-phytase (1,382 vs. 1,205 g). Chickens fed diets with 0.47% NPP and 0.80% Ca had significantly higher liver weights (21.03 vs. 18.79 g) than birds that consumed feeds with 0.27% NPP and 0.65% Ca. The gradual increase in CD produced by tiered activities of phytase B (from 0 to 4,800 ACPU/kg with the background of phytase A at 750 FTU/kg) did not affect liver weights with the exception of 1,600 ACPU/kg, with which liver weights were significantly lower. It is interesting to note that phytase B alone did not produce any significant changes in the organ weights of broilers (data not shown).
DISCUSSION
Availability of a commercial phytase B and the possibility to apply phytase A and phytase B to broiler feeds create new aspects of phytase enzymology in nutrition sciences. In this work we introduced 2 parameters that quantitatively describe phenomena of phytate removal from feed and the hydrolysis of phosphate moieties on the myo-inositol ring of phytate. Dephosphorylation level was the measure of a relative increase in P freed from feed samples during digestion, whereas the extent to which phytic acid molecules are deprived of phosphate moieties was assessed as a ratio of dialyzable P to the P freed from feed samples. It had been assumed that phytase A would affect mainly DL, whereas phytase B added in addition to phytase A would enhance phosphate hydrolysis on the myo-inositol rings and consequently influence the CD. The rationale behind that assumption was tested preliminary using an in vitro multidigestion proce- Phytases A was added at 750 phytase activity units (FTU)/kg of feed; phytase B was added at 6,400 acid phosphatase activity units (ACPU)/kg. One FTU is the amount of enzyme required to liberate 1 µM of inorganic P from 2 mM sodium phytate in 1 min at 40°C and pH 4.5. One ACPU is 1 µM/min of p-nitrophenol liberated from 5.5 mM disodium p-nitrophenylphosphate at 40°C and pH 4.5.
dure. Although DL and CD were influenced mainly by the level of phytase A (as evidenced in Table 3 ), the data obtained provide new insight into cooperation phenomena of phytases A and B during hydrolysis of phytates in feed (Ż yła, 1993) . Phytase B, a nonspecific phosphatase, proved not to be necessary in the process of phytate removal from feed ingredients. Dephosphorylation level was constant no matter what activity of phytase B was accompanied by phytase A at 500 FTU/kg or higher. It is interesting to note, however, that in the absence of phytase A, or when the enzyme was added at a suboptimal level (250 FTU/kg), phytase B did influence DL significantly ( Figure 1A ). For the purpose of phytate removal from feed ingredients phytase A could, therefore, be partly substituted for by phytase B, but at the present time this does not seem economically feasible. Phytase B, Means within columns with no common superscript differ significantly (P < 0.05).
1
Phytases A fed at 750 phytase activity units (FTU)/kg of feed containing 0.12% nonphytate P (NPP). One unit of phytase activity (FTU) was defined as the amount of enzyme required to liberate 1 µM of inorganic P from 2 mM sodium phytate in 1 min at 40°C and pH 4.5.
2 Body weight gain.
however, was found to be an irreplaceable tool in enhancing CD at each level of phytase A, as evidenced in Figure  1B . It is worth mentioning that in absence of supplemental phytase A, phytase B increased both DL and CD in a dose-dependent manner, but these effects may partly be attributed to the cooperation of phytase B with the activity of endogenous phytase A in soybeans and corn.
In the in vitro model, 3-phytase A released significantly more P than 6-phytase A at both levels of Ca and also significantly more Ca from a diet that contained 0.80% Ca. Ullah and Sethumadhavan (2003) provided evidence that Phy A gene of Aspergillus ficuum and Peniophora lycii encodes different enzymes. The 2 phytases differ in structure, physicochemical, and catalytical properties, in spite of belonging to the same family of histidine acid phosphatases. The enzyme from P. lycii has a narrower pH vs. levels and phytase B supplementation on the performance,  bone mineralization, phosphorus and Ca retention in broilers (diets 1, 2, 10, and 11; One unit of acid phosphatase activity (ACPU) was equal to 1 µM/min −1 of p-nitrophenol liberated from 5.5 mM disodium p-nitrophenylphosphate at 40°C and pH 4.5. Means within columns with no common superscript differ significantly (P < 0.05).
Both forms of phytase A were provided at 750 phytase activity units (FTU)/kg; phytase B was provided at 6,400 acid phosphatase activity units (ACPU)/kg of feeds containing 0.12% nonphytate P. One FTU is the amount of enzyme required to liberate 1 µM of inorganic P from 2 mM sodium phytate in 1 min at 40°C and pH 4.5. One ACPU is equal to 1 µM/min of p-nitrophenol liberated from 5.5 mM disodium p-nitrophenylphosphate at 40°C and pH 4.5. Means within columns with no common superscript differ significantly (P < 0.05).
1 One unit of phytase activity (FTU) was defined as the amount of enzyme required to liberate 1 M of inorganic phosphorus from 2 mM sodium phytate in 1 min at 40°C and pH 4.5. One unit of acid phosphatase activity (ACPU) was equal to 1 µM/min of p-nitrophenol liberated from 5.5 mM disodium p-nitrophenylphosphate at 40°C and pH 4.5.
2
Acid phosphatase activity units. Means within columns with no common superscript differ significantly (P < 0.05).
1
Phytases A fed at 750 phytase activity units (FTU)/kg, phytase B at 6,400 acid phosphatase activity unit (ACPU)/kg. One FTU is the amount of enzyme required to liberate 1 µM of inorganic P from 2 mM sodium phytate in 1 min at 40°C and pH 4.5. One unit of acid phosphatase activity (ACPU) was equal to 1 µM/min of p-nitrophenol liberated from 5.5 mM disodium p-nitrophenylphosphate at 40°C and pH 4.5. Phytases A fed at 750 phytase activity units (FTU)/kg, phytase B was at 6,400 acid phosphatase activity units (ACPU)/kg of feeds containing 0.12% of nonphytate P. One FTU is the amount of enzyme required to liberate 1 µM of inorganic P from 2 mM sodium phytate in 1 min at 40°C and pH 4.5. One ACPU is equal to 1 µM/min of p-nitrophenol liberated from 5.5 mM disodium p-nitrophenylphosphate at 40°C and pH 4.5. activity profile and is less acid-stable than A. ficuum phytase. Furthermore, Igbasan et al. (2000) reported P. lycii phytase to be less thermostable with lower resistance to pepsin and pancreatin digestions than its counterpart from A. niger. Differences in the efficacies between 3-and 6-phytase A in releasing P and Ca from the experimental feed found by the in vitro multidigestion procedure were not reflected in results from the feeding experiment. Performance, bone mineralization, and P retention in broilers fed low P diets were improved by 3-or 6-phytase A to a comparable extent. In the literature, similar to our findings, there are no data from animal experiments that show lower efficacy of 6-phytase A than 3-phytase A in enhancing performance or bone mineralization in broilers. Klü nter and Steimle (2001) reported comparable BWG and tibia ash in chicken fed P. lycci or A. niger phytase at 500 FTU/kg. The authors observed, however, higher concentrations of inorganic phosphate in the plasma of broilers fed A. niger phytase than in birds receiving enzyme from P. lycii and attributed this phenomenon to differences in kinetics of P liberation from phytate by 2 phytases. Differences in the mode of action of the 2 enzymes might be a further explanation of an inferior ability of 6-phytase A to liberate inorganic P from feed in the in vitro part of our study. A general lack of differences between the efficacies of 3-and 6-phytase A has also been reported by Payne and Southern (2003) who studied growth and tibia ash of 3,360 broilers for 41 d.
To our knowledge, this report is the first that demonstrates significant effects of phytase B added to low-P diets as a sole supplemental enzyme on the performance, toe ash, and P retention in growing broilers. Furthermore, the well-known detrimental effect of higher Ca levels on the efficacy of phytase A was observed for phytase B in relation to BWG. Näsi et al. (1999a,b) reported a lack of acid phosphatase (phytase B) influence on P retention and excretion in growing swine, but the level of feed supplementation in phytase B used in those studies was approximately 10 times lower than 6,400 ACPU/kg used in our experiment.
With the exception of Pearce (1975) , no literature data are available on the effects of myo-inositol supplementation on broilers performance or metabolism. In the current study, pure myo-inositol was added to feeds with 0.27 and 0.47% NPP so as to mimic diversified DL and the highest phytate CD. The improvement in BWG as well as the decrease in P retention resulting from myo-inositol supplementation were significant in birds fed diets with 0.27% NPP and 0.65% Ca but not in those receiving 0.47% NPP and 0.80% Ca. As a result of myo-inositol addition to feeds that contained 0.27% NPP and 0.65% Ca, amounts of ingested P increased, but, surprisingly, amounts of retained P decreased, and consequently the percentage of P retained decreased. No simple explanation for that phenomenon can be offered. Waagbo et al. (1998) reported an enhanced growth of Atlantic salmon fry fed fish meal based diets supplemented with 0.08% or more of myoinositol in the first 4 wk, but the main effect of myoinositol supplementation observed in that study was a significantly lower content of triacylglicerols in blood plasma. However, in studies on broilers fed wheat-based diets Pearce (1975) found no effects of 0.5% supplementary myo-inositol on hepatic lipid metabolism or on the fatty liver and kidney syndrome. In our studies, although liver weights were affected by the Ca/P ratio, no strict relationship was found between myo-inositol level in the diets and weights of chicken livers. Studies in the field of human nutrition showed an important role of dietary myo-inositol in the formation of surfactant phospholipids in lung, brain, and reproductive organs (Beemster et al., 2002; Fisher et al., 2002) . Increased phospholipids synthesis, however, would rather promote than decrease P retention as observed in our studies.
Under conditions of a higher CD produced by the excess of phytase B, 3-phytase A was more effective in enhancing chicken performance than 6-phytase A, but in contrast to 3-phytase A, 6-phytase A enhanced Ca retention. Increased Ca retention by 6-phytase A might reflect a discovery of Padmanabhan et al. (2001) , who, in the molecule of a plant 6-phytase, found an allosteric cocatalytic binding site of myo-inositol triphosphate (IP 3 ) that mobilizes Ca reserves during germination of seeds. Some of the intermediates of phytic acid degradation have also been suspected to play a role in the Ca entry from the external environment into cells through the plasma membrane (Phillippy, 1999) . Taking into account that saturation of the high affinity IP 3 binding site in the molecule of 6-phytase led to increasd affinity of the enzyme for phytic acid (Padmanabhan et al., 2001 ) and, consequently, to a higher DL and P retention, 2 main factors might be influencing performance and metabolism of chickens fed a mixture of different myo-inositol phosphates-products of enzymic phytic acid degradation. Myo-inositol enhances performance but reduces P retention, and IP 3 enhances P retention, exerting an unknown effect on the performance.
In our experiment, when tiered concentrations (0 to 6,400 ACPU/kg) of phytase B were added with 750 FTU/ kg of 6-phytase A, the highest BWG were found in birds fed phytase B at 0 to 3,200 ACPU/kg, but the highest values of P retention were for those receiving 4,800 to 6,400 ACPU/kg. It seems, therefore, that the range of phytase B applied in the experiment resulted in an increased concentration of IP 3 rather than in accumulation of substantial quantities of myo-inositol. It is not clear, however, why performance of broilers was reduced in birds fed the highest activities of 6-phytase A and phytase B at 0.65% Ca. Furthermore, it should be noted that under the highest CD (phytase B added at 6,400 ACPU/kg), chickens fed 6-phytase A and 0.6% Ca performed worse, but when fed 0.8% Ca they performed better than birds 6-phytase A as the sole supplemental enzyme. In case of 3-phytase A, addition of phytase B (6,400 ACPU/kg) with phytase A resulted in enhanced feed intake and BWG, regardless of Ca level in feed. Furthermore, increased CD, with myo-inositol phosphate intermediates produced by 6-phytase action resulted in significantly higher P and Ca retention, whereas with 3-phytase A, a higher CD was reflected exclusively in performance. Indeed, the one-way ANOVA on all treatments clearly indicated that the highest BWG and the lowest FCR was in birds fed low-P, lowCa diets supplemented with 3-phytase A and phytase B at 6,400 ACPU/kg, but the highest P and Ca retention was observed in broilers consuming 6-phytase A and phytase B at the highest level (data not shown). The content of ash in the toes was sensitive to changes in DL but not in CD, irrespective of the type of phytase A used.
Because in our previous study (Ż yła et al., 2000b) certain levels of 3-phytase A and phytase B had significant influence on the bursa and proventriculus weights of broilers, we wanted to verify whether different DL and CD values affect organ weights of chickens. The only significant effect on the weights of chicken bursas resulted from feeding 3-or 6-phytase A as the sole supplemental enzyme, which suggests an influence of phytic acid degradation products with a low CD on the immune system of birds. Products of phytate degradation by 6-phytase A seem to be more efficacious in lowering bursal weights than those resulted from 3-phytase A action. More advanced hydrolysis of myo-inositol phosphate intermediates (a higher CD) removed the effect.
In conclusion it can be stated that phytase B, when added to feeds that have already been supplemented with adequate activities of phytase A, does not influence DL. Phytase B, however, does influence CD, which is reflected in increased accumulation of myo-inositol phosphates intermediates-products of phytate degradation by 3-or 6-phytase A. The efficacy of both forms of phytase A and phytase B depends on the Ca level in feed. Further research is necessary to explain in greater details changes in the physiology of birds produced by lower myo-inositol phosphates resulting from simultaneous action of 3-phytase A and phytase B, in comparison to those accumulated by the action of 6-phytase A and phytase B, but the current study provides sufficient evidence that they change physiology of broilers in a different manner.
